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PARTICLE MULTIBEAM LITHOGRAPHY 

Field of the invention and description of prior art 

The invention relates to multibeam lithography by means of electrically charged particles. 

More exactly, the invention refers to an apparatus for multibeam lithography by means of 
electrically charged particles, comprising an illumination system having a particle source, the 
illumination system producing an illuminating beam of said electrically charged particles, and a 
multibeam optical system positioned after the illumination system as seen in the direction of the 
beam, said multibeam optical system comprising at least orte aperture plate having an array of a 
plurality of apertures to form a plurality of sub-beams, wherein the multibeam optical system 
focuses the sub-beams onto the surface of a substrate. 

Likewise, the invention relates to a method for multibeam lithography by means of electrically 
charged particles, wherein a particle beam is produced by a particle source, transferred into an 
illuminating beam and formed into a plurality of sub-beams, the sub-beams being formed by 
means of at least one aperture plate having an array of a corresponding plurality of apertures 
and the sub-beams are focused onto the surface of a substrate. 

A multibeam lithography system was proposed, for instance, by J.J. Muray in Microelectronics 
Engineering 9 (1989) pp. 305-309. There, an electron or ion beam is divided into a plurality of 
sub-beams by means of a screen lens which comprises a corresponding plurality of apertures 
whose diameters are small compared with their mutual distances, arranged in a regular array; 
the sub-beams are focused onto the wafer surface by virtue of the so-called aperture lens or 
fly's eyes effect caused by the screen lens apertures. 

Using a plurality of particle beams serves to raise the throughput while, at the same time, 
increasing the substrate area being structured, which usually is the area of a wafer, namely by 
simultaneously writing structures which are equal in different regions of the substrate/wafer. In 
particular, this method can be used for simultaneous writing of wafer dies which are equal one 
to another and into which the wafer is divided according to a regular array. Moreover, the 
reduced particle density results in a distinctly lowered influence of the Coulomb interaction 
within each sub-beam and thus in a smaller contribution to imaging aberrations. 

In J.J. Muray's multibeam device design, however, the aperture screen is positioned in proxim- 
ity to the wafer, which gives rise to problems such as contamination of the screen apertures by 
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substances produced in the course of the processing of the substrate. Moreover, an individual 
adjustment of the sub-beams cannot be realized due to the restricted space situation. In order 
to confine the beam at the substrate surface into a small spot suitable for semiconductor 
processing the apertures have to be very small. For instance, a typical value of a desired beam 
diameter at the substrate is, e.g., 50 nm, and since with a single aperture lens a demagnification 
factor of not greater than 10 : 1 can be reached under realistic conditions, the aperture diame- 
ter necessarily is smaller than 0.5 jim. Consequently, the production of the screen lens, in 
particular with respect to shape and positions of the apertures, requires a very high precision. 
For these reasons, this design was not considered suitable for commercial lithography pur- 
poses. 

In the article "An Approach to Multiple E-Beam System" of the conference proceedings of the 
'International Workshop on High Throughput Charged Particle Lithography', Hawaii, August 
11-15, 1997, N. Shimazu etal. present an electro-optical system with a single electron gun, 
wherein after the cross-over, the beam of the electron gun is split into an array of sub-beams by 
means of a lens matrix and the cross-over is imaged demagnified onto a wafer by subsequent 
arrangements of various apertures and objective lenses. Rather than by virtue of aperture lens 
effects, however, for the focusing of the beam objective lenses are provided having compara- 
tively high numerical aperture. The adjustment of the imaging properties and correction of 
imaging aberrations via the individual objective lenses, though not treated explicitly in the 
article of N. Shimazu et al 7 is difficult because of the vety restricted conditions of space in the 
target region. Moreover, often the close position of the objective lenses to the substrate will 
bring about problems arising from the byproducts of the substrate treatment, for instance with 
the well-known outgassing of resist layers. 

In an article of J. Vac. Sci Technol. B 14 (1996) pp. 3774-3781, T.H.P. Chang etal demon- 
strate that it is possible to realize a 1 keV electron beam column as a miniature scanning 
electron microscope having a lateral dimension of 20 mm. By arranging a plurality of miniature 
columns of this kind side-by-side it is possible to realize a multibeam lithography system. The 
tips of the field emission electron sources are imaged 1 : 1 onto the substrate, thus an appro- 
priate shaping of the individual beams is a necessary requirement with this system. It should be 
noted, however, that whenever a set of sources is required, in particular one source for each of 
the beams to be used, this complicates the implementation of a multibeam setup and, moreo- 
ver, it is difficult to maintain a sufficiently homogeneous set of beams. Moreover, since each 
individual miniature column comprises a complete equipment of an electron microscope, the 
implementation of a multibeam lithography system requires great expenditures during produc- 
tion and maintenance, and in particular during adjustment of the miniature columns. 
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Q. Ji ei at., in the article "A New Focused Ion Beam System fot Maskless Direct-write Lithog- 
raphy" of the conference proceedings of the '43** International Conference on Electron, Ion 
and Photon Beam Technology and Nanofabrication* (EIPBN '99), Marco Island, Florida, June 
\-4 7 1999 (to be published in J. Vac. Sci. Technol. B, Nov./Dec. 1999), propose a direct-write 
focused ion beam system wherein a multicusp plasma source generates an ion beam of high 
spectral brightness and low ion energy spread of below 1 eV, and an electrostatic accelerator 
column focuses the beam to a 500 nm focal spot. A similar ion-beam lithography system 
comprising a focused ion-beam column having lateral dimensions of a few cm is discussed by 
Y. Lee e1 al in Microel. Engin. 4S (1999) pp. 469^472. In these systems the shape of each 
sub-beam is defined by an aperture situated in the extraction system of the ion source. Thus, a 
majority of the ions produced by the source are shut off by the aperture. More important, the 
defining aperture has to be positioned within the extraction system very precisely since already 
a minute geometrical deviation will cause a substantial aberration of the image generated on 
the substrate. 

The concept of a direct-write variable-beam system with multiple columns is described by T.R. 
Groves and R.A. Kendall in J. Vac. Sci. Technol. B 16 (1998) pp. 3168-3173, wherein focus- 
ing of the beamlets is performed magnetically while the deflection of the beamlets used for 
writing on the substrate is done by electric fields. A realization of this concept is given by 
D.S. Pickard eial, in the article "Illumination and source requirements for a distributed-axis 
electron beam lithography system" of the conference proceedings of the EIPBN '99. The 
system proposed there comprises thin photocathodes illuminated by an array of semiconductor 
lasers, wherein the photoelectrons from each laser-illuminated spot are focused onto an anode 
plate having an army of apertures of the required final beam shape, and a 1 ; 1 magnification 
image of each anode aperture is focused onto the substrate. The unity magnification is a 
consequence of the fact that an axial magnetic field is used for focusing, whereas the deflection 
of the beam is done by means of electric fields. The magnetic field used for focusing has to be 
very homogeneous; the provision of individual adjustment of the magnetic focusing of the 
individual beams would be very complex. In order to provide for a way of individual adjust- 
ment of the beams, and also in order to compensate for the small depth of focus of the mag- 
netic focusing system, fine correction elements using electric fields are required, and thus the 
total magneto-optical imaging system becomes intricate and difficult to realize. Due to the 
small size of the beam radius, namely about 1 (im (or even less), this setup requires a consider- 
able current density, which cannot be achieved reliably in a demountable vacuum setup such as 
a semiconductor production device. Also, due to the use of photocathodes the Groves and 
Kendall / Pickard et al. system is restricted to electron beams. Moreover, it is a well-known 
disadvantage of photocathodes that they are very susceptible to contaminations and require a 
UH vacuum. 
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Summary of the invention 

It is an object of the present invention to provide a multibeam lithography system providing for 
sub-beams of high brightness but being substantially equivalent to each other across the total 
array of sub-beams. The positions of the sub-beam images on the substrate surface shall be 
adjusted independently to minimize aberrations while the basic configuration of the multibeam 
optical system shall be affected as little as possible. Moreover, it shall be possible to keep the 
substrate in a suitable distance to the particle optical system so that the wafer plane is suffi- 
ciently 'decoupled' from the optics. 

These aims are met by an apparatus for multibeam lithography of the kind as stated in the 
beginning in which for each sub-beam a deflection unit is provided, said deflection unit being 
positioned within the multibeam optical system and adapted to correct individual imaging 
aberrations of the respective sub-beam with respect to the desired target position and/or 
position the sub-beam during a writing process an the substrate surface. 

Likewise, the aim is met by a lithographic method of the kind as stated in the beginning 
wherein the beam position of each sub-beam is controlled by means of a deflection unit, for 
correcting individual imaging aberrations of the respective sub-beam with respect to the 
desired target position and/or positioning the sub-beam during a writing process an the sub- 
strate surface, 

According to the invention, it is possible to implement the basic focusing properties independ- 
ent of the adjustment of the individual imaging of the sub-beams. Thus, the invention provides 
a simple solution for the treatment of the imaging aberrations and the positioning of the indi- 
vidual sub-beams independently of each other. Due to the very accurate positioning of the 
beams on the substrate to be structured, the use of a deflection unit allows a relaxed require- 
ment on the accuracy for the mechanical positioning of the wafer stage. This reduces the 
production expenditures and simplifies adjustment of the components of the lithography setup 
as well as controlling during operation. The apertures defining the sub-beams are separated 
from the extraction system. This appreciable circumstance results in an augmented tolerance 
with respect to deviations in the extraction geometry as well as in the position of the apertures 
with respect to the sub-beam axes. 

The deflection unit is preferably placed at the end of the optical system provided for the 
respective beam, i.e., after or directly before the last lens of the optical column. Thus, an 
advantageous embodiment of the invention comprises a particle source and a collimator optical 
system for producing a particle beam which is substantially homogeneous across its cross- 
section and a multibeam optical system positioned after the collimator optical system as seen in 
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the direction of the beam, said multibeam optical system forming the beam into a plurality of 
sub-beams and focusing the sub-beams onto the surface of a substrate, wherein the multibeam 
optical system comprises at least one aperture plate having an array of a corresponding plural- 
ity of apertures to fortn said sub-beams, 

wherein for each sub-beam and positioned after the multibeam optical system, a deflection unit 
is provided, said deflection unit being positioned after the multibeam optical system and 
adapted to correcting individual imaging aberrations of the respective sub-beam with respect to 
the desired target position and/or positioning the sub-beam during a writing process an the 
substrate surface. 

Preferably, the electrically charged particles are ions, such as protons or helium ions; but also 
heavier ions can be used depending on the desired application Due to the extremely low 
wavelength of ions, ion-optical systems offer various advantageous features with respect to the 
imaging quality, in particular a very low numerical aperture. As a consequence, the distance 
between the optical system and the substrate can be enlarged substantially so as to allow plenty 
of space for, e.g., the deflection unit, as well as enhance the decoupling of the wafer plane 
from the optics system. 

In a preferred embodiment of the invention, for each sub-beam the respective aperture of the 
first aperture plate defines the size and shape of the sub-beam cross-section and the multibeam 
optical system produces an image of said aperture on the substrate surface. Advantageously, 
the multibeam optical system produces a demagnified image of said aperture on the substrate 
surface, the demagnification factor being at least 20 : 1 . The demagnification factor may 
suitably be at least 400 : 1 . As opposed to direct focussing of a particle beam emitted from a 
source, imaging an aperture has the advantage that the sub-beam spot size and shape at the 
substrate is completely defined by size and shape of the aperture and by the optics, and basi- 
cally independent of variations in the properties of the virtual source. Using a demagnification 
of the aperture facilitates producing a high intensity of the sub-beams since the intensity is 
proportional to the area of the aperture. Moreover, the requirements on precision of fabrica- 
tion are relaxed since, e.g., a deviation of the aperture position or size is likewise imaged onto 
the substrate reduced by the demagnification factor. 

It is in particular the combination of using a common particle source for producing the array of 
sub-beams and imaging the apertures forming the sub-beams by means of a demagnifying 
optical system which is realized as a microcolumn array, which offers an especially advanta- 
geous realization of the invention. By virtue of this combination, the sub-beams are substan- 
tially equivalent to each other, though can be adjusted individually with respect to their optical 
characteristics such as width and aberrations. Using one common source eliminates the risk 
with multiple sources that the sub-beams might be non-equivalent due to differ- 
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ences/fluctuations between the multiple sources. Moreover, it ensures generation of well- 
defined, high-intensity image spots on the substrate surface and at the same time allows a large 
distance between the optical system and the substrate. Thus, the deflection units of the individ- 
ual sub-beams can be used primarily for control of the shaping and positioning of the sub- 
beams on the substrate. 

In order to simplify realization of the optical system and avoid the cross-talk effects between 
magnetic lenses, the multibeam optical system can be realized as an electrostatic lens column 
array. 

In a further advantageous embodiment, for each sub-beam an electrostatic lens arrangement is 
provided as a means to adjust the beam diameter at the substrate surface. This facilitates the 
adjustment of the sub-beams substantially so as to render them equivalent to each other. 
Suitably, for instance to reduce the total space required for the optical column, this electro- 
static lens arrangement is integrated within one respective lens of the multibeam optical system. 

Furthermore it is favorable if the deflection units are electrostatic multipole electrode systems 
which allow a simple implementation of extensive correction of aberrations and repositioning 
of the beam. The production of the electrostatic tnuJtipole electrode systems is possible em- 
ploying microfabrication methods, e.g. using semiconductor technology. 

Moreover, the deflection units of the sub-beams may be organized in groups, so that the 
controlling of the beam positioning of the sub-beams may be performed synchronously for all 
groups. This writing method reduces the supply and controlling elements for the deflection 
units, and at the same time reduces the risk of cross-talk effects. 

Another advantageous embodiment has a reference plate for alignment of the particle optical 
system, facilitating adjustment of the optics and allowing adjustment even without a substrate 
being present. Suitably, the lithography device comprises an optical alignment system to adjust 
the position of the substrate with respect to the reference plate. 

Moreover, it simplifies production and operation of the lithographic device if several aperture 
plates are provided which are penetrated by the sub-beams, said aperture plates having open- 
ings forming aperture lenses having a focusing effect on the sub-beams. 

In order to further reduce the place needed for the optical column components, the deflection 
unit may be integrated into one or more of the electrodes forming the electrostatic lens ar- 
rangement. Preferably, the electrodes of the deflection unit are realized as sectors of at least 
one annular region around the apertures, the sectors being electrically insulated from each 
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other. 

In another advantageous variant of the invention, the deflection unit is a travelling wave 
deflector means, comprising poles segmented in axial direction forming segments, the segments 
being connected in the axial direction by inductive and capacitive elements to transfer the 
electric field within the deflection unit from one segment to the next with a predetermined 
speed. 

Preferably, each sub-beam is adjusted with respect to its beam diameter at the substrate surface 
by means of an electrostatic lens arrangement. 

Brief description of the drawings 

The invention is illustrated with respect to a preferred embodiment as shown in the figures. 
The figures show: 

0 Fie 1 a first multibeam lithography system according to the invention in a longitudinal 

y section; 

jyl pig. 2 a perspective view of a reference plate for the lithography system of Fig. 1 ; 

J4 Fig. 3 a second multibeam lithography system, with an illumination system different 

;L from Fig. 1; 

Fig. 4 a schematic longitudinal section of a single ion-optical microcolumn of the 

lithography system of Fig. 3; 

Fi g> 5 a schematic longitudinal section of ait ion source extraction system showing 

some ion paths; 

Fig. Sa a close-up view of Fig. 5 with a reduced number of ion paths, showing the 

virtual source size; 

Fig, 6 a third multibeam lithography system, similar to the one in Figs. 1 or 2, but with 

still a different illumination system; 

Fig. 7 a sectored electrode serving both as electrostatic lens and deflection unit; and 

Fig. 8 a travelling- wave deflection unit. 

Detailed_d_escription of the invention 
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As a first preferred embodiment of tlie invention, an exemplary ion multibeam lithography 
system 101 is shown in the schematic longitudinal section of Fig. 1. This lithography system is 
arranged for writing of structures onto a resist-covered wafer substrate 120. The first part of 
the system, the illumination system 141, comprises an ion source 103 and a collimator optics 
system 104 and serves to produce a broad ion beam 105. The total width of the illuminating 
beam 10S produced by the illumination system 121 is at least a wafer diameter, e.g., 300 mm. 
A collimator optics system for producing a particle beam of this kind is disclosed by G. Stengl 
etal, in the US 5,742,062. The beam 105 is substantially homogeneous over its width so as to 
have a particle flow sufficiently uniform within the allowed tolerances for all individual beams 
which are produced from the illuminating beam. 

The illuminating beam 105 emerging from the illuminating system 141, is telocentric and it 
illuminates the first plate of an arrangement of electrostatic aperture plates 106. The aperture 
openings of the first of the aperture plates 106 form the beam 105 into a plurality of sub-beams 
!fS 107. The aperture plates 106 and additional imaging elements associated with the individual 
W sub-beams 107 represent a multibeam optical system 108. The openings of the aperture plates 
i~ are shaped such that each of the sub-beams 107 is successively focused into a concentrated 
m intensity on the substrate. The optical system 108 is realized as an array of microcolumns and 
j H ensures the precise imaging or concentration of the sub-beams 107 on the substrate. An exam- 
pie of the operation of the microcolumns of the optical system with respect to its optical 
j 3 properties is discussed in detail below with reference to Fig. 4. For the sake of clearness, the 
j*[ sub-beams 107 are shown only partially in Figs. 1, 3 and 5. 

5 5 In order to adjust the focusing properties of the sub-beams individually, in particular with 
respect to the beam diameter and position on the substrate surface, an arrangement of electro- 
static lenses 109 is provided, for instance between the aperture plates. For each sub-beam a 
deflection unit 110 is provided, which in the embodiment shown is positioned between the last 
aperture plate and the substrate and is realized as an electrostatic multipole. Furthermore, a 
reference plate 1 1 1 is positioned above the substrate. By means of the electrostatic multipoles 
110 it is possible to adjust each sub-beam 107 in principle independently from the other sub- 
beams on a specific spot on the wafer substrate 120 Moreover, the multipoles 110 offer a 
means of the compensation for imaging aberrations which are not corrected by other compen- 
sation elements such as the electrostatic lens elements 109 The electrostatic multipoles can be 
realized, for instance, as multipole electrode arrangements produced by microfabrication 
methods which, besides, is a preferred production method of the electrostatic lenses 109 as 
well. Microfabrication methods are well-known in the semiconductor technology and allow the 
generation of structures of minute dimensions in the range of a few millimeters and less; thus 
they are especially suitable methods for the production of the electrode arrangements used with 
the invention. For instance, the article of W. Hofinaitn and N.C. MacDonald, in J. Vac. Sci. 
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Technol. B 15 (1997) pp. 2713-2717, gives an account of recent progress in the field of 
microfabrication of sub-mm structures. 

If ions are used, this offers various advantages as compared to electrons. Since the wavelength 
of ions such as helium ions is very small - at an energy of 100 keV the wavelength of electrons 
is approximately 4 pm, that of Helium ions approximately 0.05 pm - an ion optical system can 
operate at a numerical aperture which is smaller than that of a corresponding electron optics by 
two order of magnitudes. Therefore, it is possible to move the wafer plane off the optics by an 
additional offset corresponding to the reduction of the numerical aperture, which in turn 
reduces possible reverse effects on the optics from the wafer, for instance by substances 
outgassing from a resist cover. Whereas with electrons of high energy - that is, in the region 
above about 10 keV - the so-called proximity effect becomes apparent as a serious problem 
due to scattering in the resist material and backscattering in the substrate and with electrons of 
low energy crosstalk problems often arise, for ions these problems are encountered to a dis- 
tinctly lower degree because of their comparatively large masses. Moreover, the sensitivity of 
resist materials to ions is higher, typically by a factor of 20. 

Each deflection unit can be realized either as a separate element situated before or after the 
objective lens, as indicated in Figs. 1 and 3, or as sectored electrodes integrated in the lens 
fields of the optical system 108. The use of so-called "in lens" deflection elements suitable for 
the invention is described in detail, for instance, by M G R. Thomson, in J. Vac. Sci. 
Technol. B 14 (1996) pp. 3802-3807. In order to achieve a considerable increase of the field 
size, Thomson suggests the microcolumn to comprise segmented in-lens deflector electrodes 
and additionally segmented electrodes (octopoles or dodecapoles) suppressing off axis aberra- 
tions such as coma, field curvature and third-order astigmatism. An example for a segmented 
multi-electrode unit 700 suitable for both tasks, a deflection of the beam in the lens field and a 
correction of third order off axis aberration effects is shown Fig. 7, This multi-electrode unit 
700 is used as the last lens of the optical column. The optical lens is combined with multipoles 
in a configuration comprising five plates 701-705, wherein in each of the middle three elec- 
trodes 702,703,704 the annular region around the aperture is sectored electrically insulated 
from each other. For the sake of better visibility in Fig. 7, the distance between the plates 701- 
705 is exaggerated. The multipoles are realized as dodecapoles 712; the electric feeds of the 
individual sector elements are not shown in Fig 7. The advantage of such a dodecapole elec- 
trode 712 is twofold: Firstly, by choosing dipole-like potentials of the electrodes a very ho- 
mogenous electrostatic field can be produced for deflection purposes with an arbitrary radial 
direction. This means that one single dodecapole electrode were already sufficient for the 
purpose of a deflection unit, reducing space requirements in the column and at the same time 
improving deflection aberrations compared with regular X-Y deflection plates. Secondly, the 
same dodecapole elements can be used as multipole lens in order to eliminate off axis aberra- 
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tions, and consequently enlarge the accessible field area. 

If the pixel rate of the deflector and consequently the achievable throughput in lithography is 
limited by the time of flight of the ions through the deflector, a favorable embodiment of the 
invention will comprise a so called "travelling wave system", in which the deflecting field 
propagates through the deflector with the same speed as the particle as, for instance, described 
by M.v.Ardenne, in „Tabellen zur Angewandten Physik", Vol. 1, Deutscher Verlag der Wis- 
senschaften, Berlin (Germany) 1975, pp. 9-13. This technology has become a standard tech- 
nology in high frequency electronics, especially in high resolution oscillographs, and can be 
realized, for example, by subdividing extended deflection plates into a sequence of identical but 
comparably short chain segments along the optical axis The segments are electrically con- 
nected with neighboring segments by appropriate inductive and capacitive elements, determin- 
ing the travelling speed of an electromagnetic wave. The implementation of a travelling wave 
deflector system will increase the writing speed in the presence of heavy ions or low ion 
energies, but is not essential for the particular design of the micro column under consideration. 
Fig. 8 shows an example of a travelling wave deflection unit 740, wherein the electrostatic 
multipole is segmented into four segments 741-744. 

In order to simplify the supply and control of the individual deflection units 1 10, the sub-beam 
writing deflection is synchronized. In one possible case, all sub-beams perform the identical 
write operations. If for some of the sub-beams these writing operations are not desired, these 
sub-beams are selectively shut off; e.g. by blanking out. In another scenario, the sub-beams 107 
are divided into groups, these groups comprising, e.g., every second or sixth of the sub-beams, 
and the writing deflections of the sub-beams are performed synchronously within each group. 

The area within which one sub-beam can be adjusted is small with respect to the area on the 
substrate that is allotted to the sub-beam; typical values are, e.g., 10x10 |im or 100x100 jim. 
Therefore, in order to cover the whole area to be written, it is necessary to combine the sub- 
beam deflection with a co-operating movement of the wafer stage 112. Since the deflection 
unit 110 can perform the positioning of the partial beam 107 on the wafer 120 with high 
accuracy, for instance by means of the methods described below, the requirements on the 
accuracy of the positioning of the wafer done by the wafer stage 112 are distinctly lower; in 
particular, the distance of the wafer stage positioning can be done in steps corresponding to the 
deflection width (e.g., 10 jim or 100 Jim). On the other hand, the wafer stage needs only allow 
a positioning of the wafer along a maximum total displacement of the distance of two sub- 
beams 107, if necessary with an additional margin, for instance, 10 mm in the X and Y direc- 
tions in the case that the individual sub-beams are spaced apart by 10 mm. 
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The alignment of the wafer is, for instance, done optically by means of one or more alignment 
system(s) 115 which axe fixed to a reference plate 111. Alignment systems are already used in 
standard configurations of the optical lithography; an alignment system suitable for the inven- 
tion is disclosed, e.g., in the US 4,967,088 of G. Steligl et al (= EP 0 294 363). In order to 
ensure a high throughput and keep the tracking area of the wafer stage low, several - at least 
two, preferably four - optical wafer alignment systems 1 15 operating in parallel are provided, 
by means of which it is possible to measure the quantities X, Y, rotation, scale and X-Y scale 
for the wafer exposed as a whole. Thus one aperture plate system is sufficient to meet a 
plurality of tasks in the lithographic setup. 

Referring to Fig. 2, the reference plate 1 1 1 is, for instance, of a hybrid type and composed of a 
zerodure plate which comprises a window of e.g. a square shape of appropriate size for each 
sub-beam and to which silicon wafer parts with registering structures 113 are bonded. By 
means of the electrostatic multipole, each ion sub-beam can be directed to the respective 
!j3 registering mark 113 and scanned along it. The secondary electrons thus produced are regis- 
W tered by means of a secondary electron detector 114 which is associated with the registering 
i n mark on the reference plate 111. Thus, calibration and positioning of the individual ion beams 
! P 107 is possible at any time. Only one of the sub-beams 107 is depicted in Fig. 2 for the sake of 
:H enhanced clearness. Each detector 114 is provided for detecting the secondary electrons 

"Hi 

coming from one registering mark 113 or a. specific group of registering marks. For each sub- 
beam 107 a window is provided in the reference plate, each having two registering marks 
\Z which correspond to the X and Y directions, respectively. Moreover, the registering marks 
"J may be used during blanking, in that the beam is directed on a registering mark. 

Besides the multibeam optics as described above referring to Fig. 1, where a multiple aperture 
plate is illuminated by a single particle source in order to subdivide a broad homogenous 
particle beam, the use of a multi-source array represents a favorable alternative. A lithography 
system 201 comprising a multi-source array of this kind is shown in Fig. 3 illustrating a second 
preferred embodiment of the invention. 

The illumination system 242 of the lithography system 201 comprises a source 203 producing 
a wide array of multiple ion beams and an extraction array 202. The source extraction system 
202 produces an illuminating beam 205 realized as an ion beam array comprising a plurality of 
ion sub-beams, where each sub-beam of the beam array corresponds to one of the apertures of 
the first aperture plate 106. Like the broad beam 105 of the system of Fig. 1, the total width of 
the beam array 205 is at least a wafer diameter, e.g., 300 mm. 

Sources for a homogeneous broad ion beam are known from the state of the art. For example, 
a broad ion beam source is described in 7 ,Vakuumbeschichtung", ed. H. Frey, VDI-Verlag, 
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Diisseldorf (Germany) 1995, section 1.12.3, pp. 154-162, in particular fig. 1-121 on p. 159 of 
said section. This so-called Kaufinann source comprises two parallel metal plates (called screen 
grid and acceleration grid, respectively) which are positioned at a small distance to each other 
and are provided with a multitude of holes, through which ion beams are generated, thus 
serving as extraction electrodes. H.R. Kaufinann, in J. Vac. Sci. Technol. 15 (1978) pp. 272- 
276, discusses a multipole ion source which is designed to produce a very uniform ion beam. 
This source setup offers the advantage of very low magnetic field strengths except near the 
anode(s) and is well suited to larger sizes, such as a 30 cm source. As demonstrated by H R 
Kaufmann, an ion beam array consisting of a set of single, spatially separated beamlets can be 
extracted from an ion plasma using two or more extraction grid plates. Choosing a suitable 
arrangement of aperture plates, each beamlet can be passed through an extraction system 
(Fig. 5) analogous to that used previously for the single source illumination optics (Fig. 1). 
Thus each beam is characterized by a very small virtual source size and a high beam brightness. 
The extracted set of independent sub-beams can then be regarded as multi-beam source, 
composed by an array of virtual point-like particle sources. 

The beams of the illuminating beam 205 are substantially equivalent so as to have a particle 
flow sufficiently uniform within the allowed tolerances for all individual beams of the beam 
array. The illuminating beam 205 emerging from the multi-source and extraction system 242, 
seen as a total, is telecentric and it illuminates the first of an arrangement of electrostatic 
aperture plates 206. The remaining details of the lithography system 201, i.e., components 
206-215,220 of this embodiment correspond to those of the lithography system shown in 
Fig. 1 having reference numbers 106-115,120, respectively. 

The advantage of the described multibeam extraction over the illumination of a multiple aper- 
ture plate is its favorable scaling behavior with respect to the number of sub-beams, equivalent 
with an increased potential throughput achievable in direct write lithography. In comparison 
with existing multi-source approaches such as STM-aligned field emitter tips (cf. Chang el al. 
above), the proposed multi-source implies a considerable simplification in source manufactur- 
ing and handling, and, when ions are used as favored here, an enormous increase in brightness 
of the ion beam radiation. 

In the lithography devices 101,201 shown in Figs. 1 and 3, each exposure of the wafer 120,220 
is done after an optical alignment performed by scanning the ion beams operating parallel 
within deflection regions which are, as already mentioned, stitched together by displacement of 
the wafer. For each sub-beam, there is an associated image area on the wafer, and the sub- 
beams are arranged in a regular array corresponding to the - usually rectangular - partitioning 
of the wafer into die chips. For example, each image area corresponds to a chip field of the 
wafer, which conforms to a 1 : 1 relationship. Alternatively, in a 1 : n correspondence every w- 
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th chip of the wafer is written simultaneously, and the writing process is repeated a corre- 
sponding number (tf-1) of times for the remaining chips after suitable repositioning. Con- 
versely, it is also possible, in particular with large chip fields, to have several beams write in a 
single chip field; for instance, assuming a chip field size of 40x60 mm and a mutual sub-beam 
distance of 20 mm, one chip could be written using 6 partial beams at once. In the latter 
example, there are 6 groups of sub-beams, corresponding to the six sub-beams of each chip, 
and the set of beams can be used to simultaneously produce different structures within one 
writing step. 

An example for an ion-optical microcolumn suitable for the lithography setups of Figs. 1 and 3 
is shown schematically in Fig. 4. This three-stage ion-optical microcolumn 301 demagnifies a 
shaped sub-beam of protons delivered by the illumination system to the first aperture plate 320 
according to the invention by a factor of 400 to the size needed for high-resolution direct 
writing. The energy of the incoming ions is 4 keV and the opening half angle is cto = 50 urad. 
>B The first aperture plate 320 delimits the incoming sub-beam of 4 keV ions to a diameter of 
W 2t 0 = 20 (xm. Thus, a 400 : 1 demagnified image of the first aperture 320 is formed having a 

i 2 diameter of 2r ■ 50 nm on the substrate, with a sub-beam opening half angle of a = 10 mrad. 
^ The microcolumn 301 is designed for a sub-beam current of 1 nA, corresponding to a current 
•/I density of the beam of about 0.3 mA/cm 2 at the first aperture plate. Each microcolumn has a 

ii lateral width of, e.g., less than 20 mm, in order to allow the above-mentioned mutual distance 
;2 of 20 mm between neighboring sub-beams. It should be noted, however, that the applicant 
iZ believe that the lateral dimension of the microcolumn can be reduced even below 10 mm. The 
! sl entire lens system of the microcolumn 301 is realized as electrostatic lenses. 

. f=a 

In order to achieve a sufficient brightness of the incoming ion beam required for high through- 
put lithography, in the present example the ion sub-beam has to be extracted from the plasma 
source through an exit aperture (anode opening) of approximately 20 \im diameter. Simula- 
tions of the trajectories (cf. Fig. 5) indicate that a divergence half angle of approximately 0 .1° 
can be expected for the beam exiting the extraction system, with a virtual source of 10 urn 
diameter situated at about the crossover position. In order to get an opening half angle of 
50prad, the first aperture plate 206 has to be placed at least 10 cm downstream from the 
virtual source position. With an anode current density of 100 mA/cm 2 , the desired 1 nA can be 
delivered to each aperture in the aperture plate 206 with an opening half angle of 50 urad 

The demagnification is done in three steps in order to keep the total length of the column 301 
as short as possible. As first step the beam is demagnified by a factor of 8 and accelerated by a 
factor of 4 by means of an immersion lens 321. Subsequently the beam is further demagnified 
in two steps by means of symmetric Einzel lenses 322,323 to the final radius of 25 nm. The 
focal length of the Einzel lenses will be about 5 mm to allow a working distance of at least 
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3 mm between the last electrode of the last lens and the wafer 
isE= 16keV. 

The quality of the final image is essentially determined by the quality of the image formed by 
the last Einzel lens 323. Both the spherical and chromatic aberrations of the preceding lenses 
321,322 have a negligible influence due to the very small opening angles of the sub-beam in 
these lenses and because the changes in the image position caused by the chromatic aberration 
are only propagated very weakly (inversely proportional to the demagnification factor) to the 
succeeding stages. The same applies to global and stochastic space charge effects which are 
dominated by the final SO nm cross-over. 

For an estimation of the final image quality, it is clear from the above arguments that it is 
sufficient to account for the following effects: (i) the spherical aberration of the last lens, (ii) 
«-* the chromatic aberration of the last lens, and (iii) the beam broadening by global and stochastic 
0 space charge effects within the beam during its travel from the last lens to the final image, 

iJ 

J! The spherical aberration coefficient C s for a decelerating three-aperture Einzel lens can be 
J! made as small as 10 by means of a suitable voltage ratio (see for example E. Hailing and F H 
g Read, "Electrostatic lenses", Elsevier North Holland, Amsterdam (Netherlands) 1976, p. 175) 

Thus the radius of the disc of least confusion Ar sp h for the given opening half angle of a 
5| =10 mrad and a focal length of f = 5 mm of the final lens will be Ar sph = 0.25 a 3 C s f 

= 12.5 nm . 

fjj Assuming an energy width of the ion beam of AE 358 1 eV the axial smearing of the focal length 
due to chromatic aberration can be approximated by Af7f = AE/2E = 1/(2x1 6- 10 3 ) = 3 10 5 , 
resulting in a defocusing Af = 310" 5 x 5 mm = 150 nm. This yields an image broadening of A 
r ~ 2a Af - 2 x 10" 2 x 150 nm = 3 nm, which is completely negligible with respect to the 
diameter of the writing beam, i.e., 50 nm. Concerning Coulomb interaction effects it has to be 
kept in mind that for protons the velocity for 16 keV is about 1.8-10 8 cm/s. As the ion current 
is assumed to be 1 nA, equivalent to 6-10 9 ions/s, the linear ion density is about 33 ions/cm 
resulting in an average distance of 300 jim, which is much larger than the sub-beam diameter. 
Thus already qualitatively, space charge effects can be expected to be very small. Quantita- 
tively, the space charge broadening of the sub-beam can be estimated by simple electrostatic 
arguments described for example in "Focusing of charged particles", ed. A. Septier, Academic 
Press, New York 1967, Vol. 2, Sect. 3.1, according to which the beam deflection due to space 
charge for the given current and energy is less than 1 pet mille of the strength of the last Einzel 
lens 7 and therefore negligible. To summarize, a microcolumn 300 as shown in Fig. 4 can 
produce an aperture image as small as 50 nm, limited primarily by the spherical aberration A 

r sph °f tf)e last lens - 
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The column 301 offers sufficient free space to add deflection elements 325. To optimize the 
overall perfoimance of the column the deflector can be integrated into the last Einzel lens by 
using segmented electrodes, as discussed above with reference to Fig. 7. Choosing the lens 
openings such that its diameter is in the range of about 3 to 5 mm, it will be possible to write 
an image field of about 100 x 100 \xm 2 without loss of image quality. 

The time necessary to write one image point is determined by the resist sensitivity. Assuming a 
sensitivity of 1 fiC/cm 2 , the writing time per point will be about 25 ns, which is still much 
longer than the time of flight of the ion through a deflector of some mm length. Hence, for the 
described microcolumn using protons the necessary writing speed should be possible with 
simple deflection plates (Fig. 4) of this length. 

The effective depth of focus will be about 0.25 \im determined by the opening half angle ct=10 
mrad of the beam at the final image and the condition that the image size should not change by 
more than 10%. In case of a significantly lower resist sensitivity or the use of ions having a 
smaller velocity, a dynamic deflection unit (travelling wave system as mentioned before) 
consisting of a sequence of multi-electrode deflectors may be implemented. 

Of course, the substrate can be of any type and is not restricted to a wafer. In this context it is 
noteworthy that the invention also allows to structure substrate surfaces which have an overall 
surface rippling/curvature up to several j^m with respect to a perfect plane layer. In particular, 
the position of the image plane can be determined individually for each sub-beam, and in-situ 
adjusted with respect to the actual wafer-to-column distance. Considering as an example, 
again, a 300 mm silicon wafer, it has to be dealt with a topography which is individual for each 
wafer. The fine adjustment with respect to the topography requires a repositioning of the final 
image along the axial direction of all sub-beams, which is done conveniently by adjusting the 
microcolumn optical system. Depending on the particular embodiment of the demagnification 
column, a small shift of the image plane in the range can be achieved easily by altering one 
or more voltage ratios of the respective dernagnifying lenses. The height of a silicon wafer 
surface deviates from an ideal plane usually within a range of several Jim over the area of the 
wafer. Since this rippling is smaller by a factor of about one thousand in comparison with the 
working distance between the substrate and the last lens of the microcolumn, namely a 
few mm, in the present example an individual change of the voltage ratio of the last electro- 
static lens in the range of one per mille of the operating voltage is already sufficient. For the 
voltage conditions considered here a small variation of the voltage ratio leads to a relative 
change of the focus length of same order of magnitude (cf. E. Harting and F.H. Read, 
"Electrostatic lenses", op. cit ). It should be stressed that such deviations of the voltage ratios 
do generally not effect the spherical and chromatic aberration significantly, as neither C s nor f 
is altered significantly. 
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Fig. 5 shows a preferred extraction system 330 for one sub-beam in a diagrammatic longitudi- 
nal section; the arrangement has rotational symmetry around the optical axis (horizontal in 
Fig. 5). An appropriate number of extraction systems of this type can also be used to realize 
the extraction array 202. The extraction system 330 comprises three electrodes 331,332,333, 
the first of which is the anode of the plasma chamber of the ion source (not shown in the 
figure), with a bore of 2Q\xm diameter. For 4 keV starting energy of the ions, the potential of 
this electrode 331 is 3 for instance, +4000 V. The second electrode 332 is at negative potential, 
e.g. at -2900 V, so that the field strength near the anode bore is high, that is s more than 100 
kV/cm, and the refractive power of this extraction lens quickly focuses the ions to form a 
virtual source (cf Fig, 5a): The last electrode 333 is at 0V potential, defining the final energy 
of the extracted ions. The positive voltage with respect to the middle electrode 332 also 
prevents the secondary electrons emitted from the last electrode 333 to travel back into the ion 
source. The distance d3 between the anode bore and the aperture of the last electrode is 6 mm. 
After passing the electrode 333, the trajectories of the ions are substantially straight. The 
divergence of the sub-beam is defined by the angle between the trajectories of the outer rays of 
the sub-beam. 

The diameter of the virtual source is defined as the distance between the crossing points of 
trajectories of ions emitted from different positions at the maximum possible angle to the axis, 
positive and negative respectively. In Fig. 6, only for explanatory purposes, this angle is chosen 
to be 60°. 

Yet another embodiment of the invention is depicted in Fig. 6 showing a lithography apparatus 
401 having a spherical source 403 with a spherical anode plate. An extraction array 402 forms 
sub-beams 435 having divergent beam axes immediately after the anode bores. Each extraction 
unit of the extraction array 402 is realized, for instance, as a three-electrode system 330 as 
discussed above. The extraction electrodes of the extraction array 402 are arranged on spheres 
concentric to the anode plate, such that the virtual source 433 of all the sub-beams 435 is now 
located at the center of the spheres. In this case, the virtual source 433 is defined at the cross- 
over of the backward projection of the trajectories leaving the extraction system. A collimator 
optics system 404 similar to the one of Fig. 1 produces a set of telocentric sub-beams 405. 
Thus, the spherical source 403, the extraction atray 402 and the collimator system 404 consti- 
tute an illuminating system 441 for producing an illuminating beam 405 whose sub-beams 
illuminate the respective openings in the first of the aperture plates 406. The components 406- 
415,420 of this embodiment correspond to those of the lithography system shown in Fig. 1 
having reference numbers 106-1 15,120, respectively. 
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